Abstract -The Vrentas/Duda proposal for the diffusion of polymer-solvent systems, which is based on the free-volume theory, was employed in correlating and predicting mutual diffusion coefficients in highly concentrated polymer solutions. It has been observed that the predictive version of the model is capable of qualitatively representing the experimental data, while the use of an adjustable parameter greatly improves the performance of the model. The systems studied were poly(vinyl) acetate-toluene and Neoprene-acetone, and a comparison between experimental data and calculated values from the Vrentas/Duda model is reported. A new experimental apparatus based on the sorption technique was built to provide reliable diffusivity data on the Neopreneacetone system.
INTRODUCTION
There are numerous examples of the importance of the migration of small molecules in polymeric materials, such as in drying polymeric packing, controlled drug delivery, formation of films, and membrane separation, etc. In many of these areas it would be useful if the diffusion coefficient of a molecule at a specific concentration and a specific temperature could be determined easily without having to measure the value experimentally. To help describe solvent diffusion, Maxwell and Fricke developed a model based on electric conductivity and Mackie and Meares developed one based on tortuosity in a simple cubic lattice, but these approaches do not account for subtle differences observed in the experimental data (Waggoner et al., 1993) .
Other models for representing mutual diffusion experimental data have also been proposed; these theories may be subdivided into two categories: simulations and molecular theories (Tonge and Gilbert, 2001) . While atomistic simulations offer the best hope for reliable prediction, these simulations require considerable computational resources, and even they can (at present) be applied only to very simple penetrants. Molecular theories, particularly those that permit evaluation of diffusion coefficients with minimal computational resources and from readily available information, are therefore needed, both from the pragmatic viewpoint of data prediction or extrapolation and, perhaps more significantly, from the insight into the mechanism of diffusion that may be gained (Tonge and Gilbert, 2001 ).
Based on the Enskog theory, some models have been developed to describe the concentration dependence of solvent diffusion coefficients in polymers. This approach, however, deviates significantly from experimental data for higher polymer concentrations (Waggoner et al., 1993) . This is expected because it is assumed that the solvent molecules and the polymer segments are rigid spheres that collide. At higher polymer concentrations, the polymer chains are closer and the solvent molecules may interact with more than one segment at a time.
Some of the problems noted with the kinetic theory, such as isolated free volume and interaction with more than one monomer unit, are taken into account in the freevolume approach. The Vrentas/Duda free-volume theory provides a useful framework for predicting and correlating solvent tracer and mutual diffusion coefficients for polymer-solvent systems (Vrentas et al., 1996) . This work shows the main theoretical details involved in the Vrentas/Duda free-volume theory, as well as the procedure to obtain the model parameters without mixture data. At first, the model in the completely predictive version is applied to a poly(vinil) acetatetoluene system at different compositions and temperatures (35, 40 and 47.5 o C). The results are then compared to the experimental data obtained by Ju (1981) . Afterwards, the ability of representing the experimental data by the model has been improved by estimating free-volume parameters of the Vrentas/Duda model using the least squares method.
As may be noted in the preliminary discussion, experimental diffusions are necessary to validate model results. The most common method for measuring mutual coefficients (D) for polymer-penetrant systems is the sorption experiment, in which the amount of penetrant absorbed by the polymeric film is measured as a function of time. The approach presented by Ni et al. (1977) , which consists of obtaining D from sorption data, assuming a constant diffusion coefficient over a defined concentration range, has been extensively reported in the literature. Using this methodology, new experimental sorption data for the Neoprene-acetone system at 23 o C have been obtained in a simple weighing-based apparatus. In order to improve the predictive capability of the Vrentas/Duda free-volume model, key parameters were estimated and a comparison between experimental, predicted and correlated mutual diffusion coefficient values is reported.
THEORY
The diffusion free-volume theory assumes molecular transport in a liquid consisting of hard spheres. In this type of system molecules move with the gas kinetic velocity but most of the time are confined to a cage bounded by their immediate neighbors. Occasionally, a fluctuation in density opens up a hole in a cage large enough to permit a considerable displacement, giving rise to diffusive motion if a molecule jumps into the hole before the first can return to its original position (Cohen and Turnbull, 1959) . Based on the free-volume theory, Cohen and Turnbull (1961) proposed an expression for the solvent tracer diffusion coefficient, in which the following assumptions are implicit: 1-molecular transport may occur only when a void with a volume greater than a given critical value is formed by the redistribution of the free volume and 2-no energy is required for free-volume redistribution.
Typical free-volume formulation was initially proposed by Fujita and then further developed by Vrentas and Duda (Fujita, 1991) . The latter is capable of predicting the dependence on composition of the jumping units mobility based on parameters, which can be, in principle, estimated from a set of data on pure components. Thus it has a predictive capability and is quite appealing for practical purposes.
In the free-volume theory (Vrentas and Duda, 1977a, b) , the volume of a liquid is viewed as consisting of two parts: the volume occupied by the molecules themselves and the empty space between the molecules. The empty space is commonly referred to as the free volume, of which only that portion which is continuously redistributed by thermal fluctuations is available for molecular transport. This part of the free volume is denoted the hole-free volume, while the remainder is termed the interstitial free volume. Molecular transport, as perceived by current free-volume theory, is consequently governed by the probable occurrence of two events: 1-the appearance of a hole of sufficient size adjacent to a molecule and 2-the overcoming of attractive forces by the molecule with enough energy. Throughout this work, subscripts s and p denote solvent and polymer variables, respectively, while subscript pj is used to denote the properties of the polymer jumping unit (small portion of the chain which waits for sufficient hole-free volume to jump from one position to another).
The temperature and concentration dependence of the solvent tracer diffusion coefficient, D s , can be determined using the following equation (Vrentas and Vrentas, 1993a) :
where V i is the specific critical hole-free volume of component i required for a jump, w i is the mass fraction of component i, D o is a pre-exponential factor, E is the energy per mole that a molecule needs to overcome attractive forces that keep it close to its neighbors, is an overlap factor which is introduced because the same free volume is available to more than one molecule, T is the system temperature and R is the gas constant. Finally, is the ratio of molar volumes for the solvent and polymer jumping units.
The diffusion process depends on the free-volume characteristics of the system represented by the term V FH / , where V FH is the average hole-free volume per gram of mixture. For rubbery polymer-solvent systems, V FH / can be calculated by where T gi is the glass transition temperature of component i, K 1s and K 2s are free-volume parameters for the solvent, p is the polymer thermal expansion coefficient, f gp is the polymer free-volume fraction at T gp and V FHp is the specific hole-free volume of the equilibrium liquid polymer at any temperature.
Based on the concepts discussed previously, Vrentas and Vrentas (1993b) suggested that the mutual and tracer diffusion process can be related by the following expression:
Here, D is the binary mutual diffusion coefficient, s is the solvent volume fraction and sp is the Flory-Huggins binary interaction parameter.
In the above derivation, the following assumptions have been made:
i) The mutual diffusion coefficient is related theoretically to the solvent and polymer tracer diffusion coefficients through an expression developed by Bearman (Zielinski and Duda, 1992) ;
ii) The contribution of the polymer tracer diffusion coefficient to the mutual diffusion coefficient is negligible;
iii) All thermal expansion coefficients needed to calculate the pertinent volumes required for the theory are approximated by average values in the temperature range under consideration. This is only true for temperatures higher than T gp ;
iv) The partial specific volumes of polymer and solvent are assumed to be independent of concentration so that the influence of volume changes in mixing on the free volume of the system is considered negligible; v) There is additivity of specific free volume of the polymer and solvent; and vi) The solvent's chemical potential in the mixture is given by the Flory-Huggins equation, where the interaction parameter, sp , is assumed to be constant, independent of temperature and concentration, for a given polymer-solvent system. The Flory-Huggins theory was used here since it provides a simple but satisfactory representation of solvent's chemical potential for the polymer-solvent systems considered in this study.
Though the present work is focused on studying the diffusion behavior in elastomeric polymer-solvent systems, it is worth mentioning that Vrentas (1992, 1994) reviewed the free-volume theory and proposed a new version to calculate D s below the glass transition temperature of the system (T<T gm ). Recently, Vrentas and Vrentas (2000) proposed a new approach to relating D and D s without using the Bearman assumptions, i.e., avoiding the use of the frictioncoefficient and hence not introducing the thermodynamic properties of the polymer-solvent system into the derived equation. Their goal was therefore to derive an equation that could be used to determine D from only the concentration and temperature dependence of D s and the polymer tracer diffusion coefficient at infinite dilution (effectively pure solvent). However, this formulation is not employed in this work as it is not fully predictive and certainly needs to be tested more extensively.
Determination of Free-Volume Parameters
The Vrentas/Duda diffusion model provides a useful method for determination of the temperature and concentration dependence of mutual diffusion coefficients in polymer-solvent systems (Zielinski and Duda, 1992) . The basic procedures for evaluating the parameters needed to determine D are discussed in this section.
(a) Specific Critical Volumes of the Solvent and Polymer, V s and V p
The two critical volumes, V s and V p , represent the minimum specific hole-free volume required to allow a solvent and polymer molecule to take a diffusive jump and are estimated as the specific volume of solvent and polymer, respectively, at absolute zero temperature. Some methods to obtain specific volumes at 0 K are presented by Haward (1970) . Considering that the differences between models are lower than 5%, it was chosen the Biltz group contribution method because it does not require experimental information and is easy to use. The molar volumes of some groups at 0 K are presented in Table 1 .
(b) Flory-Huggins Binary Interaction Parameter, Sp
From a sensitivity analysis study of the Vrentas/Duda model (Reis, 2000) , it was possible to conclude that, in the low solvent concentration region, mutual diffusion coefficients of polymer-solvent systems are not sensitive to variations in the Flory-Huggins binary interaction parameter ( sp ). A good way to estimate this parameter is to use the Bristow semi-empirical equation, where is the solvent molar volume and i is the solubility parameter of component i. It is important, however, to call attention to the fact that for some systems, significant concentration dependence of the sp parameter has been reported (Yapel et al., 1994) .
(c) Polymer Free-Volume Parameters, (K 2p / P ) and (K 2p -T gp ) Doolittle postulated that viscosity should be related to a system's free volume and subsequently, starting from the Vogel viscosity model, has derived an empirical equation using free-volume concepts (Zielinski, 1992) . Recasting Doolittle's expression, using the nomenclature developed by Vrentas and Duda, the following equation for polymer viscosity can be obtained:
) is considered to be effectively constant.
When estimating hole-free volume, low-temperature viscosity data must be available. An alternative form of the Doolittle expression, developed by Williams, Landel and Ferry (WLF) (see Ferry, 1970) , has become the standard relation for the correlation of polymer viscosity with temperature. The free-volume parameters used in this study, for polymers are related to the WLF constants, C 1p and C 2p , by the following relationships: The pure solvent self-diffusion coefficient, D s * , may be related to system temperature by the Vrentas/Duda model applied to pure solvent (Eq. (1) with w s =1). As the pre-exponential factor and the energy parameter are in fact related, they may not be independently estimated; they should be grouped in a new parameter, D 01 . The free-volume parameters are then estimated using the temperature dependence of D s * as follows:
The temperature dependence of D s * data may be represented by the Dullien (1972) . s and s are the specific volume and viscosity of the pure solvent, respectively, and are the only temperature-dependent parameters in this expression.
There are several semi-empirical methods that allow estimation of liquid viscosity as a function of temperature (Reid et al., 1987) . The Rackett equation, later modified by Spencer and Danner, was employed here to estimate saturated liquid volumes (Reid et al., 1987) .
Figures 1 and 2 show a comparison between experimental (Harris et al., 1993 ) and calculated D s * values for n-octane and toluene, respectively. As can be observed from these figures, the free-volume model is capable of predicting self-diffusion coefficients with a satisfactory agreement with experimental data. If an average value of p is used for temperatures above T gp , the specific hole-free volume may be calculated from Eq. (3). If one uses the Hartmenn-Haque equation of state (van Krevelen, 1994) , then:
where v is the polymer specific volume, T is the system temperature, p is the system pressure and v o , T o and B o are model parameters (van Krevelen, 1994) . Therefore, average values of p can be obtained from Eq. (11) at the system temperature and polymer's T g.
Further, the following equation can be used to calculate the fractional free-volume parameter (Vrentas and Vrentas, 1998 In the earlier discussion, it was defined that molecular transport, as perceived by current free-volume theory, is consequently governed by the probable occurrence of two events: (1) the appearance of a hole of sufficient size adjacent to a molecule and (2) the jumping of the molecule with enough energy into the void. Zielinski (1992) verified that the probability of the first event is much lower than that of the second and concluded that the best way to achieve a predictive form of the Vrentas/Duda model is to neglect the energetic effects (E=0).
Nevertheless, Arnold and Laurence (Vrentas and Vrentas, 1993a) showed that the temperature-dependence of D s for some polymer-solvent systems presented important energetic effects close to the system's glass temperature. It has also been noted that E can change significantly, for polymer-solvent systems near w s =1, as the concentration is changed at a fixed temperature, and therefore the concentration dependence of E can be approximately described by considering two energies, E p and E s . The domains of polymer molecule overlap for solvent range from 0 to approximately 0.9, and in this mass fraction range, a solvent molecule "sees" essentially the same type of surroundings. Hence, E should not change appreciably over this mass fraction interval, and the solvent tracer diffusion coefficients can be calculated from Eq. (1) using an essentially constant value of E which can be denoted E p (Vrentas and Vrentas, 1993a) . Furthermore, as the pure solvent limit is approached, the surroundings of a solvent molecule are changed as polymer molecules become scarce, and the possibility exists that there will be a significant change in E near w s =1. In general, then, the tracer diffusion process at the pure solvent limit may involve a different value of E, denoted as E s (Vrentas and Vrentas, 1993a) .
It is evident that, in principle, it is possible to use density-temperature and viscosity-temperature data in Eq. (9) to determine parameters D 0 , E s , K 1s / s and K 2s -T gs by applying a nonlinear regression analysis. However, this type of procedure does not lead in general to meaningful values for the parameters, presumably because of the unacceptable effects of parameter interactions (Vrentas and Vrentas, 1993a) . Hence, it seems necessary to replace the -lnD 0 +E s /RT term by an average value in the temperature interval, denoted lnD 01 . It is assumed that variation in this term over moderate ranges of temperature is small since E s is not generally large for typical solvents. Using D 01 in Eqs. (1) and (4), one must replace E by E * , which represents the E p -E s difference. Parameter E * can be estimated by noting that E * is a difference between attractive forces of a solvent molecule immersed in a polymer matrix (w s =0) and a solvent molecule immersed in a pure solvent (w s =1) (Vrentas and Vrentas, 1998) . This is similar to the following thermodynamic energy difference for a liquid mixture, which characterizes the net attractive interactions in the material:
In this equation, is the partial molar internal energy of the solvent, is the molar internal energy of the pure solvent, i is the solubility parameter of component i and is the molar volume of the pure solvent at a chosen reference temperature.
Since E * and both involve differences in attractive energy for a solvent molecule in different surroundings (at w s =0 and at w s =1), it is reasonable to expect that a correlation might exist between E * and for a given polymer-solvent system. From a plot of E * vs ( sp ) 2 Vrentas and Vrentas, 1998), it was possible to obtain the following expression (Tonge and Gilbert, 2001 ):
Parameter , which is the ratio of the molar volume of a solvent jumping unit to the molar volume of a polymer jumping unit, has been by far the most evasive and controversial parameter. Based on the assumption that most penetrants of interest will jump as single units, a method was developed by Vrentas et al. (1996) for estimating . Only very long, flexible-chain solvents should exhibit segment wise movement. Furthermore, it is assumed that the average hole-free volumes associated with polymer and solvent jumping units are different. For solvents which jump as single units, is then given by the equation
where (0) is the molar volume of the equilibrium liquid solvent at 0 K and is the critical hole-free volume per mole of polymer jumping units required for displacement of a polymer jumping unit. Also, is referred to as an aspect ratio for solvent molecule, which is a geometry-based descriptor of molecular shape. This aspect ratio can be calculated for many penetrants, using the ADAPT software package developed by Jurs and his research group in the chemistry department at Pennsylvania State University (Vrentas and Vrentas, 1998) . Quantity (0) can be determined from V s values, but parameter cannot generally, be calculated directly since the size of a polymer jumping unit is not known. However, since is independent of the nature of the solvent, it can be considered to be an intrinsic polymer property. This polymer property may be obtained from diffusion data for a single solvent, and it can be used for all other solvents in this polymer, and hence the theory for can then be regarded as predictive. Also, solvents with ratio values close to one should be used, if possible, to minimize the effect of any uncertainty on the value. Thus, reliable diffusivity data on symmetric molecules are preferred.
In the absence of experimental data, may be obtained using the following relationship (Zielinski and Duda, 1992) :
Though this equation has not been extensively tested, it may be useful for obtaining D from only pure component data.
EXPERIMENTAL
In the previous section, we discussed the theoretical aspects involved in the Vrentas/Duda diffusion model. Though the model is based on a reasonable picture of solvent molecular diffusion in polymers, reliable experimental data are needed to confirm the predictive capacity of the model. In this context, an experimental methodology has been developed so as to obtain mutual diffusion coefficients for polymer-solvent systems, which will be used later to allow comparison between experiment and theory.
According to Ni et al. (1977) , the most common method for measuring diffusivities of polymer-penetrant systems is the sorption experiment, in which the amount of penetrant absorbed by a film of polymer is measured as a function of time. In the conventional sorption experiment, a polymer sample in equilibrium with a specific vapor pressure of the penetrant is exposed to a step change in the solvent vapor pressure. The approach to the new equilibrium state can be followed by direct weighing of the polymer sample, and a sorption curve, a plot of the fractional approach to the final equilibrium state as a function of the square root of time, is obtained.
Here, it is assumed that a polymeric film, with a 2L thickness, is in contact with vapor phase that is composed of an inert gas and the solvent at a specific concentration. From the mass balance for the solvent in the polymeric film during the sorption experiment, it is possible to derive the solvent concentration profile as a function of time. The polymer is initially solvent-free, but as it is exposed to the vapor stream, it permits the solvent penetration until the equilibrium concentration has been achieved throughout the whole polymeric film. When the concentration gradient has been established, solvent transport begins at the interface at x=± L and diffuses to the center of the sample. This transport is fundamentally diffusive (transport in solid medium). Figure 3 shows a picture of the diffusive transport.
By assuming that D is a constant and unidirectional mass transfer, the mass transport equation reduces to
The assumption of constant D can be strictly applied if the sorption experiment is conducted over a sufficiently small concentration interval. The second assumption is usually acceptable, since the thickness of the sample is small compared to the area dimension.
This equation is subject to the following initial and boundary conditions:
where C 0 represents the initial solvent concentration in the polymer and C E the equilibrium solvent concentration at the film surface. The first boundary condition implies that the solvent concentration at the surface is at its equilibrium value and the second is a symmetry condition in the center of the polymer film (x=0).
In the analysis of a set of sorption data obtained at constant pressure, the following assumptions are applied to the model:
1) The temperature change associated with the sorption process is negligible;
2) The surface of the polymer film is always in thermodynamic equilibrium with the solvent vapor stream;
3) Pressure variations are small, thus having a negligible effect on the density of the polymer-rich phase; and
4) No chemical reactions occur.
The first assumption is generally valid since an approximate analysis obtained by Crank (Liu, 1980 ) indicated a change of less than 0.25 o C in the polymer surface temperature accompanying the sorption process.
Diffusivity is usually dependent on concentration. If, however, the experiment is designed so that the concentration changes by a small amount during the sorption experiment, the diffusion coefficient obtained will have an average value above that range of concentration. In fact, Ni et al. (1977) have analyzed the stepchange sorption problem and concluded that the average diffusion coefficient obtained from step-change sorption experiments represents actual diffusivity at a concentration corresponding to 70% of the concentration interval. The associated error in this methodology has been reported to be less than 5% (Ni et al., 1977) .
The exact solution of Eqs. (18) to (21) is given by Crank (1956) . As the intent is to analyze the average mass absorbed by the polymer, it is necessary to integrate the concentration profile obtained by the solution of the above equations. Defining M(t) as the weight pickup at time t and M as the equilibrium weight pickup, the following expression can be derived for short time intervals (Dt/L 2 <<1):
By observing the weight pickup (M(t)/M ) versus (t) 1/2 /L, the initial slope, can be determined, and therefore the diffusion coefficient can be calculated as
As noted in the above discussion, it is possible to obtain D for polymer-solvent systems from the initial slope of the sorption plot, R i , if the thickness of the film and the equilibrium absorbed mass are known. Thickness can be measured before the experiment and is assumed constant during the experiment, while M is the absorbed mass in the final sorption kinetic curve (for long times).
In the present study, the results obtained by Reis (2000) for the Neoprene-acetone system at 23 o C as well as some specifics on the experimental methodology employed are reported. The Neoprene film was prepared utilizing a Carver hydraulic press at 70 o C. The polymer sample was pressed at 5000 Lbf/cm 2 during 5 minutes and then was cooled under the same pressure at room temperature. A micrometer was used to measure film thickness.
Apparatus
A schematic diagram of the equipment used for obtaining the sorption kinetic curves is shown in Figure  4 . The equipment consists of two main parts: the polymeric sample weight unit and the gas-phase composition control unit. The central part of the apparatus is an Ohaus digital analytical balance with a precision of 0.0001g. A detailed description of the experimental equipment can be found in Reis (2000) .
The gas-phase composition control unit consists of three basic components: the condenser, the saturator and the cooler bath. The inert gas is injected through one of the recipient entrances and passes through a disperser. The gas mixture (inert plus solvent) flows towards the condenser, where the temperature stabilized by the cooler bath controls composition. The gas mixture with a fixed composition is then injected into the sorption camera. The mass transfer phenomenon continues until equilibrium composition is achieved throughout the polymeric film. During the transient period, the absorbed mass is measured as a function of time and a sorption kinetic curve can be drawn.
Using Silicone-iso-octane system at 20 o C, Reis (2000) performed three replicate tests. It was verified that the apparatus and experimental methodology lead to reliable data with an absolute average deviation less than 3%.
RESULTS AND DISCUSSION
In a previous section of this paper, the Vrentas/Duda approach for modeling mutual diffusion coefficients in polymer-solvent systems was presented in some detail. Here we study the predictive capability of the model as applied to a poly(vinil) acetate-toluene (PVAc-Tol) system, using the aforementioned methodologies. Experimental data were taken from Ju (1981) for three temperature conditions (35, 40 and 47.5 o C); under these conditions the system exemplifies a rubber system so the free-volume equations presented here can be applied. Further, some experimental data for the Neoprene-acetone system at 23 o C, obtained with the new apparatus developed by Reis (2000) , is also presented. The experimental data are then compared to the Vrentas/Duda model simulation results, using both predictive and correlative versions.
In the prediction of mutual diffusion coefficients from the Vrentas/Duda model (Eq. 4), it is necessary a group of parameters that can be obtained as follows: (i) V p (T) and V s (T) -the polymer and solvent specific volume data necessary to calculate V FHp (T) (Eq. 3) were estimated by using the equations presented by van Krevelen (1994) and Reid et al. (1987) , respectively; (ii) V s and V p -the two critical volumes were estimated by the Biltz group contribution method (Table 1) ; (iii) sp -the FloryHuggins binary interaction parameter was calculated by the Bristow semi-empirical equation, Eq. (5); (iv) K 2p / p and K 2p -T gp -using V p value estimated from the procedure (a) and C 1p and C 2p constants, listed in Ferry (1970) , it is possible to calculated the polymer freevolume parameters using Eqs. (7) and (8); (v) D 01 , K 1s / s , K 2s -T gs -with viscosity and density data as a function of temperature, solvent self-diffusion values as a function of temperature can be obtained from Eq. (10). These self-diffusion values were used to estimate the pre-exponential factor and solvent free-volume parameters using the least square method and Eq. (9); (vi) E * -the energy parameter was calculated from Eq. (14); and, (vii) -the ratio of the molar volume of a solvent jumping unit to the molar volume of a polymer jumping unit was calculated from Eq. (15), where L was calculated from Eq. (16) using (0) estimated in the procedure (a) and obtained in the literature (Vrentas et al., 1996) or calculated from Eq. (17). The aspect ratio, , was calculated for many solvents and listed in Vrentas et al. (1996) . In Tables 2 and 3 , respectively, the free-volume parameters for the PVAc-Tol and Neoprene-acetone systems are listed.
Figures 5 to 7 show experimental and calculated D values in terms of the mass fraction of the solvent for the PVAc-Tol system at 40, 35 and 47.5 o C, respectively. The full line represents the model predictions using the parameters listed in Table 2 .
Analyzing these figures, it is verified that the predictive version of the Vrentas/Duda model represents the experimental data qualitatively well, especially at low toluene concentrations. However, one can notice that in some cases the Vrentas/Duda model is still off by one order of magnitude. These results just corroborate the assumptions made in the construction of the free-volume theory, which considers each solvent molecule surrounded by polymer segments. As mentioned previously, the free-volume theory does not consider any specific phenomena that occur at higher solvent concentrations, such as the formation of clusters.
In order to improve the predictive capability of the model, freevolume parameters were estimated from experimental data on mutual diffusion coefficients at 40 o C. Due to the uncertainties involved in the determination of the polymer jumping unit size, the optimum value of parameter was estimated. The dashed line plot thus represents the results of the model simulation using 0.641 as the estimated parameter value obtained from the least squares method. Compared to the experimental data, one can see that the fitting procedure of this parameter improves model representation only at higher solvent concentrations. However, towards the solvent infinite dilution limit, an increasingly significant loss of model representation is observed.
As proposed by Hong (1995) , D 01 should be the first parameter selected to change model results because it is one of the least sensitive parameters and only affects the magnitude of the prediction. Thus, the D 01 parameter was fitted to the experimental data of Ju (1981) , fixing all the parameters at the values listed in Table 2 . In Figure 5 , it can be seen that a significant improvement (dotted line) in model representation can be achieved in almost the whole range of concentration.
The methodologies applied in the calculations suggest that the Vrentas/Duda model parameters are temperature independent. In order to verify this assertion, mutual diffusion coefficients for the PVAc-Tol system were calculated at 35 and 47.5 o C, using the parameter values listed in Table 2 for the predictive version and also and D 01 estimated at 40 o C (0.641 and 0.011, respectively). These results are compared to the experimental D data obtained by Ju (1981) for 35 o C (Figure 6 ) and 47.5 o C (Figure 7 ).
In Figures 6 and 7 one can observe that the predictive version of the Vrentas/Duda model represents the experimental data qualitatively well with the best results obtained for lower solvent concentrations.
As was observed for 40 o C, fixing the value at 0.641 improves the experimental data representation at higher solvent concentrations but with poor agreement in the region of lower solvent concentrations. On the other hand, fixing D 01 at 0.011, makes it possible to improve significantly the extrapolation of the model at all temperatures studied.
Polychloroprene (Neoprene)-Acetone System
In this section of this study, mutual diffusion coefficient data on the Neoprene-acetone system are presented. A systematic study of the Vrentas/Duda model was developed for this system, and the results were compared to the experimental data obtained in this work using the methodology described previously.
This polymer was chosen because it has many industrial applications (fabrics, thermal insulation, etc) and also because its free-volume parameters are available in the literature (Zielinski, 1992) . Moreover, Neoprene is a reticulated rubber with a low glass transition temperature, which indicates quick sorption kinetics and dissolution of the polymeric film is not expected to occur during the experiment. Table 3 shows the free-volume parameters of the Vrentas/Duda model for the Neoprene-acetone system calculated from the previous sequence. Figure 8 shows the kinetic sorption curves in terms of the mass fraction of acetone at three different compositions of the gas phase, which were obtained by just changing the condenser temperature. The sorption data used to draw Figure 8 are available in Reis (2000) .
In Figure 8 one can observe that as the condenser temperature increases there is a rise in acetone concentration in the gas phase, and consequently, higher acetone concentrations are found at thermodynamic equilibrium in the gas-polymer interface. The end of the sorption kinetics corresponds to the increase in solvent concentration on the side of the exposed polymer during equilibrium.
For instance, with the condenser at 20 o C, it is verified that the acetone concentration reaches 0.17 wt/wt% at thermodynamic equilibrium. As this concentration is too high, the hypothesis of a constant diffusion coefficient in the treatment of sorption data might lead to appreciable errors in the calculated D values. Nevertheless, it is important to remember that errors associated with diffusion coefficients obtained from sorption kinetics data are introduced by constrictions on the treatment of sorption rather than by problems inherent in the experiment.
From the sorption kinetics curves and the treatment of sorption data previously discussed, it was possible to determine mutual diffusion coefficients at different compositions for the Neoprene-acetone system. These data were compared to the D values calculated with three different parameter sets using the Vrentas/Duda free-volume model. The first set is listed in Table 3 and represents the fully predictive version of the model. The second and third sets are the same as those listed in Table 3 , except for and D 01 , respectively, which were obtained by a procedure of least squares fitting of the experimental data. The mutual diffusion coefficient values as a function of composition for all cases discussed above are shown in Table 4 and in Figure 9 .
In Figure 9 , it can be observed that the Vrentas/Duda model represents qualitatively well the experimental data of this system without any adjustable parameters. Within the concentration range studied, a significant difference between the two fitted models can not be verified. However, when compared to the fully predictive version of the model (full line plot), a significant improvement is obtained by fitting or D 01 .
CONCLUSIONS
In this work, we have presented an outline of the Vrentas/Duda free-volume diffusion model, incorporating the most recent criticisms of and advances in the theory. From this work, it was verified that the Vrentas/Duda model provides a useful framework for predicting and correlating mutual diffusion coefficients for two polymersolvent systems: PVAc-Tol and Neoprene-acetone. In the ranges of concentration and temperature studied, the predictive version of the Vrentas/Duda model provided a good qualitative agreement with experimental data, especially in the region of solvent infinite dilution. It was shown that it is possible to improve significantly the results when or D 01 parameters are obtained from regression of experimental data, with the best results achieved with D 01 parameter estimation. The experimental apparatus developed by Reis (2000) , which is based on the simple weighing method, is shown to provide reliable and reproducible results based on the sorption kinetics data. Some modifications of the equipment setup are under way in order to obtain mutual diffusion coefficient data for higher solvent concentrations. 
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